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Abstract

Kosa (Asian dust) is a large contributor to atmospheric aerosols and has attracted
worldwide attention for posing a large challenge to global climate, visibility, and human
health. East Asia is one of the world’s largest dust sources. Moreover, East Asian countries,
especially China, are macroconsumers of fossil and biomass fuels, where both parent and
substituted polycyclic aromatic hydrocarbons (PAHs) remain at high levels in the
atmosphere. During the prevalence of Kosa, a simultaneous increase in Kosa particles and
particulate PAHs has been sometimes observed in downwind areas, and a rapid production
of PAH derivatives has been observed in the later Kosa episode. Therefore, Kosa particles
are believed to act as carriers for PAHs during long-range transportation. The heterogeneous
interaction between Kosa and PAHs may lead to worsened air quality and enhanced
cytotoxicity and carcinogenicity of ambient particulates in downwind areas. The purpose of
this study was to clarify the primitive function of Kosa on PAHs, which may drive the
atmospheric behavior of PAHs, the generation of secondary aerosols and their health effects.
Naphthalene (Nap) was chosen as the model PAH because of its high water solubility and
vapor pressure, simple structure, and atmospheric abundance. In this study, the
heterogeneous interactions between Nap and different Kosa particles were investigated in
aqueous systems, considering the complex mineralogy and hygroscopicity of Kosa. The
main results of this study are shown as follows:

(1) The Kosa samples used in this study were collected from typical Asian deserts,
including the Gobi Desert, Taklimakan Desert, Horqin Sandy Land and Loess Plateau. The
particle size, specific surface area, and porosity of the Kosa samples were measured.
Moreover, fifteen metallic elements and nine water-soluble inorganic ions of each Kosa
sample were detected. Both the physical and chemical properties of the Kosa samples varied

with geographic origin. The Kosa sample from the Loess Plateau had the finest particle size



and the largest specific surface area and total pore volume, while the particle and pore size
were uniform among the other three Kosa samples. The four Kosa samples were
characterized by a high content of crustal elements and a low level of transition metals,
whereas the mass fraction of each element varied largely. In addition, these four Kosa
samples had different compositions on water-soluble inorganic ions, but the main
components all were deliquescent salts.

(2) Batch adsorption experiments were performed to evaluate the adsorption capacity of
each Kosa sample to Nap. The results showed that Kosa particles from the Loess Plateau had
weak adsorption to Nap, which was fitted by the Langmuir isotherm. There was no obvious
adsorption to Nap found for the other three Kosa samples. This difference seemed to depend
mainly on the specific surface area and/or the total pore volume. However, the adsorption
capacity of zeolites, a microporous mineral, was substantially higher than that of the Kosa
samples investigated. In addition, acid conditions inhibited the adsorption of Kosa particles
to Nap. Thus, Kosa particles exhibit a weak or negligible adsorption effect on Nap and have
little superiority in adsorbing more hydrophobic PAHs.

(3) The reactivity experiments were performed under various conditions. The Nap in the
aqueous solution did not undergo chemical reactions under dark conditions and longwave
UV radiation but degraded under shortwave UV radiation, and 2-formylcinnamaldehyde and
1,4-naphthoquinone were the first-generated products. The degradation of Nap in the
aqueous solution was probably initiated by photoionization, and the reaction rate constant
(between 1.44 x 10 min"! and 8.55 x 10 min™') was much lower than that of Nap with
hydroxyl radicals. Interestingly, instead of inducing or promoting the chemical change in
Nap, the Kosa particles slowed photodegradation due to the extinction of radiation. In
addition, acid conditions may not significantly promote the photodegradation of Nap in the

saturated water layer of the Kosa particles. Therefore, the Kosa particles played a less



important role in promoting the photodegradation of Nap than UV intensity and water

content, which was independent of the difference in Kosa properties.

In conclusion, this laboratory study revealed that Kosa particles had little promotion on
the adsorption and photodegradation of Nap, which suggests that Kosa originated from the

Asian continent has no substantial interaction with PAHs in the atmosphere.
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Background

Polycyclic aromatic hydrocarbons (PAHs) are a kind of environmental hormones that are
ubiquitous in the atmosphere (Brody et al., 2007; Ying et al., 2017). Numerous studies have
demonstrated the carcinogenic and mutagenic potential of PAHs (Bollinger et al., 2015;
Nisbet and Lagoy, 1992; Pavanello and Lotti, 2013), and the induction of oxidative stress
and DNA damage (Jeng et al., 2011; Quintana et al., 2008; Tang et al., 2006), which increases
the health risks in humans (Liu et al., 2016; Zhang et al., 2019, 2020a). Incomplete
combustion of organic materials, such as oil, coal, and biomass, is a considerable source of
PAHs (Khalili et al., 1995; Mitra et al., 1987). After being released into the atmosphere,
PAHs undergo dynamic transitions between the particle and gas phases in response to the
changes in vapor pressure. Mostly, PAHs with low molecular weight prone to be distributed
in the gas phase, while those with high molecular weight have a preference to bind particulate
matter (Araki et al., 2009). Furthermore, PAHs can be converted to various derivatives
through gas phase or multiphase reactions (Arey et al., 1986; Bedjanian et al., 2010). Among
the derivatives, oxygenated and nitrated PAHs have direct-acting mutagenicity and can
increase the generation of reactive oxygen species (ROS) (Ames et al., 1975; Durant et al.,
1996; Hayakawa, 2016; Jariyasopit et al., 2014). On the other hand, PAH derivatives have
higher chemical activity than the parent PAHs and are nonnegligible precursors of secondary
organic aerosols (SOA) (El zein et al., 2019). Therefore, PAHs and their derivatives pose a
threat to the atmospheric environment and human health.

Globally, China is the country with the highest annual energy consumption, which
accounted for 50.7% and 14.2% of the global consumption of coal and oil in 2018,
respectively (BP p.l.c., 2019). As a result, atmospheric PAHs in China are at a relatively high

level and can enhance the PAH pollutions in downwind countries or regions through short-



or long-range transport (Shimada et al., 2020; Sofowote et al., 2011; Tang et al., 2017; Wei
etal., 2019). In particular, coal heating in Northern China is routine from November to April
of the following year, which increases local pollution emissions and the pollutants
transported southeastward via the East Asian winter monsoon (Lang et al., 2008). This
exogenous influence was keenly reflected by the long-term variations in PAHs observed at
Kanazawa University Wajima Air Monitoring Station (KUWAMS), a background site in
Western Japan, and was confirmed by trajectory model estimations (Tang et al., 2005; Yang
et al., 2007, 2009; Tang et al., 2014, 2015; Zhang et al., 2020b). Fig. 1 shows the monthly
concentration of particulate PAHs at KUWAMS from October 2004 to April 2020, which
was remarkably higher during the heating period in Northern China than that in other months
(Tang et al., 2015; Zhang et al., 2020b). Interestingly, during some Kosa events, the
concentration of PAHs at KUWAMS rose sharply (Yang et al., 2007, 2009). The
simultaneous enhancement in Kosa and PAH pollution has also been observed in other
downwind areas (Fang et al., 2005; Tamamura et al., 2007). Moreover, there was a dramatic
increase in PAH derivatives in the later Kosa period in Beijing (Kameda et al., 2016). Based
on the mineralogy of Kosa, such as metallic elements and oxides, the surface of Kosa
particles has catalytic activity and the ability to adsorb trace gases (He et al., 2015; Ma et al.,
2010). Therefore, Kosa was preconceived as an important carrier of PAHs (Inomata et al.,

2017; Jia et al., 2015; Ren et al., 2019).
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Fig. 1. Box plot of monthly concentration of particulate PAHs at Kanazawa University
Wajima Air Monitoring Station (KUWAMS) from October 2004 to April 2020 (Tang et al.,
2015; Zhang et al., 2020b). The upper and lower horizontal lines of the box are the third and
first quartiles, respectively. The horizontal line in the middle of the box is the median. The

cross in the box is the mean value. The upper and lower whiskers are the maximum and

minimum, respectively.



Arid and semi-arid regions in Asia are mainly distributed in China, Mongolia, and some
Central Asian countries, where Kosa is active in winter and spring (Kurosaki and Mikami,
2003; Shao and Dong, 2006). According to the 30-y records of the Japan Meteorological
Agency (Fig. 2), Kosa was prevalent in Japan from February to May and mostly in March
and April (JMA, 2020). This period overlapped with the heating period in Northern China
that created opportunities for the encounter and interaction between Kosa and PAHs.
However, there were some observations indicating that the Kosa events were insignificantly
related to the PAH levels in downwind areas (Chio et al., 2012; Guo et al., 2003; Kim et al,
2012). The relationship between Kosa and PAHs might be influenced by the properties and
transport pathway of Kosa and the aging of the air mass (Tamanura et al., 2007; Tang et al.,
2014). The inconsistency of these observations makes the interaction between Kosa and
PAHs more perplexing.

Some studies have shown that the heterogeneous interaction between mineral particles
and gaseous molecules follows the Langmuir-Hinshelwood mechanism (Baxter and Hu,
2002; He et al., 2015). Briefly, two gaseous molecules adsorb on the particle surface and
then react as they diffuse on the surface. The Langmuir-Hinshelwood mechanism has also
been used to explain the increase of PAHs and their derivatives in atmospheric particulates
during the Kosa periods (Kameda et al., 2016; Shimada et al., 2020; Shiraiwa et al., 2009).
However, the adsorption and reactivity of Kosa particle to PAHs have not yet been studied
in depth. On the other hand, the interaction between Kosa and PAHs will cause a double
burden on air pollution and human health in downwind areas (Zhang et al., 2020c).
Furthermore, the co-deposition of Kosa and PAHs will increase the pollution load of water
and soil and cause the accumulation of PAHs in the organism and food chain (Hellou and
Leonard, 2004; Logan, 2007). Therefore, it is urgent to figure out the substantial effect of

Kosa particles on the transportation and conversion of PAHs in the atmosphere.
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Fig. 2. Average monthly number of days with Kosa observed at eleven stations of the Japan
Meteorological Agency from 1981 to 2010 (JMA, 2020).



The purpose of this study was to clarify the physical and chemical interaction between
Kosa particles and PAHs. In this study, naphthalene (Nap) was used as the probe PAH due
to the simple structure, and the high water-solubility and atmospheric abundance (Mastral
and Callén, 2000). The properties of Nap are shown in Table 1. The authentic Kosa samples
were collected from typical deserts in East Asia, and their physical characteristics and
chemical compositions were measured. The adsorption capacity of different Kosa samples
to Nap was then evaluated by batch adsorption experiments. In addition, batch reactivity
experiments were performed under different conditions in an aqueous system to simulate the
hygroscopicity of Kosa particles and investigate the reactivity of Nap on the water-saturated
Kosa particles. The results of this study provide illuminating insights into the interaction
between Kosa particles and PAHs, which contribute to bridge the gap between
preconceptions and the essential role of Kosa and improve the comprehensive understanding

of atmospheric processes.



Table 1. Properties of Naphthalene (Nap) (NCBI, PubChem Database).

Property

Structure | |

Molecular weight 128.17 g/mol (at 25°C)

Vapor pressure 11 Pa (at 25°C)
Water solubility 31 mg/L (at 25°C)
Toxicity Causing acute and delayed toxicity and hemolysis #

A possible carcinogen °

2 Robles, 2014. ® IARC, 2013.



Chapter 1. Physical properties and chemical compositions of different

Kosa particles

1 Introduction

Deserts in China are mainly distributed in the north inland, covering a total area of more
than 3.5 million km? (Shao and Dong, 2006). Each desert developed its own characteristics
as the result of its origin and evolution. For example, the formation of the Gobi Desert and
Taklimakan Desert, the most famous deserts in China, was mainly driven by climate factors
(IGSNRR, CAS, 2007). The China Loess Plateau was formed by the displacement and
deposition of dust from some deserts in Central Asia, and the loess that characterized by silty
sand was then produced by geomorphic influences and rock weathering (Sun, 2002). Rather
than natural formation, the Horqin Sandy Land, the largest sand land in China, originated
from desertification caused by human activities (Bagan et al., 2010).

The physical properties of Kosa particles mainly include size, surface, and pore
characteristics. The porosity (characterized by pore size and total pore volume) and pore
structure of Kosa particles are dominated by diagenesis and desert soil development (He et
al., 2019; Islam, 2009); whereas the shape and size of the original rock depend on the
breakdown and abrasion caused by physical weathering and the joint effects of chemical and
biological weathering (Carroll, 2012; Oliva et al., 2003). The specific surface area and
porosity of particles are considered as key factors of adsorption performance, which affect
the adsorption capacity and selectivity to adsorbates (Smol and Wtodarczyk-Makuta, 2017;
Yakout et al., 2013).

Kosa particles consist of a variety of minerals, which is influenced by the sedimentary

environment and mineral maturity (Xu et al., 2008). Generally, the main minerals of Asian



desert soil are feldspar (aluminosilicates of calcium, sodium, potassium, and barium), quartz
(silica), carbonatites, and metallic oxides (Jeong, 2008; Tang et al., 2019). The mineralogic
composition of Kosa particles produces an effect on their atmospheric behavior (Cwiertny
et al., 2008). For example, metallic oxides, such as silica (Si02), aluminium oxide (Al>O3),
magnesium oxide (MgO), and calcium oxide (Ca0O), can alter the surface acidity of Kosa
particles, leading to different adsorption of gas molecules, such as basic gas ammonia (NH3)
and acidic gases nitrogen dioxide (NO.) and sulfur dioxide (SO») (He et al., 2015; Yang et
al., 2018). Moreover, Kosa particles rich in Al and Ca have higher adsorption efficiency for
polar volatile organic compounds (Zeineddine et al., 2018). In addition, iron oxide (Fe>O3)
can affect the redox properties of the particle surface (Yang et al., 2018), whereas the ions
and oxides of copper (Cu), manganese (Mn), and titanium (T1) can act as catalysts for surface
reactions (Xu et al., 2019; Zhao et al., 2019; Zhu and Zhou, 2019).

Recently, the hygroscopicity of Kosa particles has attracted much attention because of
the importance in atmospheric aqueous reactions and cloud condensation nuclei activities
(Chen et al., 2020; Ma et al., 2012; Yamashita et al., 2011). The hygroscopicity of Kosa
particles is associated with the composition of water-soluble inorganic ions. The main
components of deliquescent salts include ions of sodium (Na*), Ca**, Mg?", chloride (CI"),
sulfate (SO4*), and nitrate (NOs"), which have a positive effect on the hygroscopicity of Kosa
particles (Osada, 2013; Tang et al., 2019). Moreover, Kosa particles rich in Al and Fe can
effectively attract water from the atmosphere at low humidity levels (Zeineddine et al., 2018).
The water layer formed on the surface of Kosa particles can change the phase and reaction
path of gaseous compounds and improve the formation of secondary aerosols, thus it is an
important interface for the heterogeneous chemistry of the troposphere (Tang et al., 2016).

From the above, the atmospheric behavior of Kosa particles mainly depends on their

physical and chemical properties. To better understand the physical and chemical effects of



Kosa particles on PAHs, Kosa samples were collected from the Gobi Desert, Taklimakan
Desert, Horqin Sandy Land, and Loess Plateau, and their physical properties and chemical

compositions were measured.

2 Materials and methods

2.1 Materials

Two reference Kosa samples CJ 1 and CJ 2 were obtained from the National Institute for
Environmental Studies (Certified Reference Material, Tokyo, Japan). Four internal standards
XSTC-331, XSTC-1, XSTC-7, and XSTC-8 for elemental analysis were purchased from
SPEX CertiPrep (NJ, US). Hydrogen peroxide (H20.), hydrofluoric acid (HF), nitric acid
(HNO3), 2,6-pyridinedicarboxylic acid, sodium carbonate (Na>CO3) and sodium bicarbonate
(NaHCO:3) were provided by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Ultrapure
water (18.2 MQ cm, 25°C) was prepared by a water purifier (H2OPRO-UV-T, Sartorius Lab
Instruments GmbH &t Co. KG, Géttingen, Germany). All chemicals used in this study were

of analytical reagent grade.

2.2 Collection of Kosa particles

The Kosa samples were collected from typical deserts in East Asia, including the Gobi
Desert (Kosa 1), Taklimakan Desert (Kosa 2), Horqin Sandy Land (Kosa 3), and Loess
Plateau (Kosa 4). Fig. 1-1 shows the location of the sampling sites. The sampling sites were
away from roads and human activities. Five points were randomly arranged at each sampling
site to collect topsoil at a depth of 15 cm; two points were at least 500 m apart. Kosa particles
collected at the five points were then mixed and sealed in a polytetrafluoroethylene (PTFE)

bottle and stored at -20°C away from light.
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Fig. 1-1. Locations of the geographic origin of Kosa samples. Sample Kosa 1 was collected
from the Gobi Desert (105.4°E, 38.5°N, Inner Mongolia, China), Kosa 2 was from the
Taklimakan Desert (84.3°E, 40.2°N, Xinjiang, China), Kosa 3 was from the Horqin Sandy
Land (122.3°E, 43.0°N, Inner Mongolia, China) and Kosa 4 was from the Loess Plateau

(108.9°E, 34.5°N, Shaanxi, China).
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2.3 Physical properties measurement

The physical properties of the Kosa particles, including size distribution, specific surface
area, and porosity, were measured with the assistance of an analyzing agency (Shimadzu
Techno-Research, Inc., Kyoto, Japan). The laser particle size analyzer (Shimadzu SALD-
2300) was employed to measure the particle size of the Kosa samples. The multipoint
Brunauer-Emmett-Teller (BET) method, i.e. the nitrogen adsorption method (Shimadzu
ASAP2400), was applied to determine the specific surface area, total pore volume, and pore

size of each Kosa sample.

2.4 Chemical composition measurement
Metallic elements

Ten grams of each Kosa sample was placed in a PTFE digestion high-pressure tank with
9 mL of mixed acid (HNO3/HF/H20,, 5:3:1, v/v). The mixture was treated by microwave
digestion for 30 min and cooled to room temperature. The digestive solution was then
concentrated by heating at 220°C to 0.5 mL and diluted to 50 mL with 2% HNOa. Fifteen
metallic elements, including Al, Fe, Ca, Na, potassium (K), Mg, Ti, phosphorus (P), Mn,
barium (Ba), strontium (Sr), nickel (Ni), zinc (Zn), Cu, and scandium (Sc), were determined
by using a high-resolution inductively coupled plasma mass spectrometer (Thermo X series
II, Thermo Fisher Scientific K.K., Tokyo, Japan) and quantified by internal standards. The
recoveries were in the range of 95% to 105%.

The elemental compositions of the reference samples CJ 1 and CJ 2 were treated and
detected simultaneously. The pretreatment and detection were repeated for three times of
each Kosa sample, and for six times of each reference sample. Method calibration was
performed by comparing the measured values with the reference values of CJ 1 and CJ 2.

Both the measured values of CJ 1 and CJ 2 samples were linearly correlated with the

12



corresponding reference values, and the determining coefficient (R?) was 0.9996 and 0.9995,

respectively.

Water-soluble inorganic ions

Ten grams of each Kosa sample were placed in a glass beaker with 50 mL ultrapure water.
After standing at room temperature for 10 min, the water-soluble inorganic ions were
extracted twice by ultrasonic extraction for 20 min. The mixture was then moved to a PTFE
centrifuge tube and centrifuged at 3500 rpm for 15 min to precipitate Kosa particles. After
that, 1 mL of the supernatant was diluted to 5 mL with ultrapure water. Prior to analysis, all
the treated samples were filtered through a micropore membrane (Millex®-HP, pore size
0.45 um, Merck KGaA Darmstadt, Germany).

Nine water-soluble inorganic ions, including Na*, ammonium ion (NH4"), K*, Ca?", Mg?",
fluoride ion (F°), Cl,, NO3", and SO4*, were determined by ion chromatography (IC). The IC
system (883 Basic IC plus, Metrohm, Herisau, Switzerland) consisted of analysis columns,
a suppressed conductivity detector and an infusion pump (Metrohm, Herisau, Switzerland).
A separation column (Shonex IC YK-421, 250 mm x 4.0 mm i.d., Showa Denko K. K.,
Tokyo, Japan), and a guard column (Shonex IC YK-G, 50 mm % 4.0 mm i.d., Showa Denko
K. K., Tokyo, Japan) were applied to separate cations. A separation column (Shonex IC SI-
90-4E, 250 mm x 4.0 mm 1.d., Showa Denko K. K., Tokyo, Japan), a guard column (Shonex
IC SI-90-G, 50 mm x 4.0 mm i.d., Showa Denko K. K., Tokyo, Japan), and a column oven
(CTO-10ASVP, Shimadzu Inc., Kyoto, Japan) were applied to separate anions. The eluent
for analyzing cations was 1.7 mM HNOs and 0.7 mM 2, 6-pyridinedicarboxylic acid solution.
The eluent for analyzing anions was 3.2 mM Na>COj3 and 1.0 mM NaHCOs solutions.

The detection and quantification limits were calculated as three and ten times the signal-

to-noise ratio, respectively. The detection limits of Na*, NH4*, K*, Ca**, Mg®", F", CI', NOs",

13



and SO4>" were 0.055, 0.101, 0.097, 0.125, 0.222, 0.003, 0.034, 0.074, and 0.041 mg L,
respectively. The quantification limits of Na*, NH4", K*, Ca?", Mg*", F", CI', NOs", and SO4>
were 0.184, 0.336, 0.323, 0.416, 0.741, 0.009, 0.114, 0.246, and 0.137 mg L', respectively.
The standard curves were linear with all the R* greater than 0.995. The recoveries were in

the range of 85% to 110%.

3 Results and discussion

3.1 Physical properties of different Kosa particles

Table 1-1 presents the average of the particle size, specific surface area, total pore
volume, and pore size of the Kosa samples collected from different deserts. The average
particle size of the Kosa 1 to 3 samples was similar, ranging from 191 to 263 um. The average
particle size of the Kosa 4 sample was 12.7 um, which was much smaller than the other three
Kosa samples. In contrast, the specific surface area and total pore volume of the Kosa 4
sample were the largest, at 32.8 m? g'! and 52.0 pug L', respectively, which were dozens of
times those of the Kosa 1 to 3 samples. The average pore size of the four Kosa samples
ranged from 3.78 to 7.13 nm. According to the recommendations of the International Union
of Pure and Applied Chemistry (McCusker et al., 2001), these four Kosa samples can be

classified into mesoporous materials (pore size between 2 to 50 nm) by pore size.

Table 1-1. Physical properties of different Kosa samples.

Kosa Average diameter Specific surface area Total pore volume Average pore

(um) (BET) (m? g) (uL g1 diameter (nm)
1 222 3.02 2.85 3.78
2 191 1.73 3.09 7.13
3 263 2.20 2.66 4.83
4 12.7 32.8 52.0 6.35

14



3.2 Metallic elements of different Kosa particles

Table 1-2 shows the composition of metallic elements of the four Kosa particles.
Generally, silicon (Si) is the most abundant metallic element in natural mineral dust and crust
(Jeong, 2020; Shen et al., 2007). In the soil samples collected in arid and semi-arid areas in
East Asia, Si had the highest mass fraction, at 25-35%, followed by Al (4.3-7.5%), Fe (1.2-
4.1%), and Ca (0.6-8.5%) (Nishikawa et al., 2018). Due to insufficient detection conditions,
the content of Si in the Kosa particles was not obtained in this study. As shown in Table 1-
2, the metallic elements in the four Kosa particles were rich in crustal elements (such as Al,
Fe, Ca, Na, and K), while the content of transition metals (such as Ti, Mn, Ni, Zn, and Cu)
was relatively low.

The mass fraction of each metallic element in the Kosa particles was comparable to the
previously reported desert soil of the corresponding source area (Table 1-3; Nishikawa et al.,
2018), showing significant regional differences. The crustal elements of Kosa 1 and Kosa 3
particles were more abundant with Al and K, while the main crustal elements of Kosa 2 and
Kosa 4 particles were Al and Ca, and Al and Fe, respectively. Compared with other transition
metals, Ti and Mn were more abundant in the four Kosa particles. In addition, Cu and Zn
were the main transition metals in anthropogenic particles (Sun et al., 2005) but were present
at trace levels in the four Kosa particles. Therefore, the Kosa events increased the content of
crustal elements in atmospheric particles in downwind areas, while reduced the content of

transition metals associated with human activities (Dong et al., 2019; Wang et al., 2018).

15



Table 1-2. Composition of metallic elements of different Kosa samples.

Element  Unit Kosa 1 Kosa 2 Kosa 3 Kosa 4
Mean SD Mean SD Mean  SD Mean  SD

Al (%) 4.82 0.32 548 0.18 2.80 0.34 7.48 0.17
Fe (%) 0.88 0.09 1.66 0.03 0.29 0.10 3.66 0.10
Ca (%) 0.54 0.03 6.32 042 0.18 0.04 0.67 0.05
Na (%) 1.62 0.13 1.81 0.10 0.56 0.06 0.76 0.02
K (%) 2.28 0.18 1.93 0.03 2.11 036 2.12 0.05
Mg (%) 0.39 0.03 1.09 0.04 0.04 0.03 0.98 0.03
Ti (%) 0.12 0.03 0.18 0.03 0.04 0.03 041 0.01
P (ugg') 1630 478 1270 135 749 83.7 1100 93.8
Mn (ugg" 151 247 366 38.7 65.6 342 745 49.0
Ba (ng gl 697 62.2 632 62.6 501 458 501 13.0
Sr (uggh 151 9.01 270 14.0 92.7 11.1 110 1.90
Ni (ngg') 142 294  19.0 1.59 2.77 0.08 40.9 0.95
Zn (ug gl 308 6.18 49.0 835 143 590 853 11.1
Cu (ugg!) 10.9 1.62 12.5 1.02  3.33 0.77 31.5 1.31
Sc (uggl) 3.00 0.60 5.76 0.52 0.35 0.32 128 0.33
Total (%) 10.9 0.87 18.7 0.86 6.16 098 16.3 0.45

The metallic elements are arranged in the order of terrestrial abundance of elements, refer to
https://www.daviddarling.info/encyclopedia/E/elterr.html, accessed on 24th Jun. 2020.

Abbreviations: standard deviation (SD), aluminum (Al), iron (Fe), calcium (Ca), sodium
(Na), potassium (K), magnesium (Mg), titanium (Ti), phosphorus (P), manganese (Mn),

barium (Ba), strontium (Sr), nickel (N1), zinc (Zn), copper (Cu), scandium (Sc).
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Table 1-3. Elemental composition of topsoil in different dust sources (Nishikawa et al.,

2018).

Element Unit Gobi Desert *  Taklimakan Horqin Sandy  Loess Plateau ¢
Desert ° Land ©

Si ¢ (%) 27.8-33.5 25.5-29.4 33.1-349 26.3 - 30.1
Al (%) 6.11 -7.49 5.02-5.74 4.31-6.22 5.66 - 6.54
Fe (%) 2.06 - 4.10 1.84-2.71 1.23-1.76 2.57-3.07
Ca (%) 0.90 - 4.02 6.05 - 8.48 0.59 - 0.99 3.94-6.79
Na (%) 1.33-2.57 1.42-1.68 1.67 - 1.80 1.15-1.40
K (%) 2.13-2.81 1.51-1.87 2.38-2.44 1.63 - 1.93
Mg (%) 0.47-2.12 1.12 - 1.63 0.26 - 0.35 0.99 - 1.55
Ti (%) 0.405-0.727 0.240-0.426  0.333-0.410  0.329-0.441
P (ugg') 248-1114 525-1047 141 - 299 462 - 1054
Mn (ugg') 514-933 433 - 627 302 - 466 459 - 666
Ba (ugg!) 512-610 442 - 531 584 - 629 450 - 510
Sr (ugg') 215-296 250 - 298 199 - 203 173 -274
Ni (ugg') NA.T N.A. N.A. N.A.
Zn (uggh 27-92 24-53 20-34 50 - 66
Cu (uggh) 7-45 10-16 6-8 17-23
Sc (uggh 7-15 6-10 4-5 9-11

? Gobi Desert region (20 sites): 41.83°N, 114.00°E; 42.33°N, 113.83°E; 42.38°N, 103.47°E;
42.78°N, 103.50°E; 43.09°N, 106.33°E; 43.22°N, 107.09°E; 43.47°N, 104.65°E; 43.59°N,
112.00°E; 43.72°N, 111.87°E; 43.77°N, 103.98°E; 43.77°N, 104.02°E; 43.83°N, 113.75°E;
44.05°N, 111.33°E; 44.11°N, 103.57°E; 44.25°N, 111.07°E; 44.93°N, 110.60°E; 45.13°N,
109.94°E; 45.83°N, 106.23°E; 45.99°N, 108.79°E; 46.32°N, 108.37°E. ® Taklimakan Desert
region (7 sites): 37.04°N, 81.00°E; 37.09°N, 80.10°E; 37.24°N, 82.77°E; 37.63°N, 78.12°E;
38.02°N, 77.40°E; 39.46°N, 83.90°E; 41.86°N, 86.26°E. ¢ Sites near Horqin Sandy Land (2
sites): 42.17°N, 122.72°E; 43.29°N, 122.24°E. ¢ Loess Plateau region (7 sites): 35.58°N,
109.26°E; 35.70°N, 105.10°E; 35.82°N, 109.47°E; 37.81°N, 110.34°E; 37.90°N, 112.60°E;

40.33°N, 113.50°E; 40.60°N, 115.10°E. ° Silicon. f Not available.
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3.3 Water-soluble inorganic ions of different Kosa particles

Table 1-4 shows the mass fraction of each water-soluble inorganic ion on the surface of
different Kosa particles. Consistent with the regional difference in metallic elements, the
ionic composition of Kosa particles varied greatly with geographical origins. The mass
fraction of nine water-soluble inorganic ions in the Kosa 2 sample was the highest (665 ug
gh), followed by the samples Kosa 1 (324 pg g'!') and Kosa 4 (290 pug g!), and the lowest in
the Kosa 3 sample (26.7 pg g!). In the Kosa 1 and Kosa 2 particles, Na* and CI" were the
most abundant ions, followed by SOs*. These results were consistent with the ionic
composition of the Kosa particles in the Gobi Desert and Taklimakan Desert in the literature
(Tang et al., 2019), which were related to their salt playa origin (Wang et al., 2012; Wu et
al., 2012). The main ionic components in the Kosa 3 and Kosa 4 particles were Ca**, SO4*
and NOs". Based on the composition of deliquescent salts (NaCl, Na;SO4, and Ca(NO3)2)

(Tang et al., 2016), these four Kosa particles could attract water from the atmosphere.

Table 1-4. Mass fraction of water-soluble inorganic ions of different Kosa samples.

Ion (ng g™ Kosa 1 Kosa 2 Kosa 3 Kosa 4
Na* 136 222 1.24 19.7
NH4" N.D. 0.28 2.05 0.24
K" 6.35 13.7 3.94 3.29
Ca*! 3.44 29.4 8.55 37.2
Mg 2.77 4.79 1.50 25.4
F 1.18 1.16 0.37 4.30
Cr 121 270 0.32 5.08
NOs 8.97 22.6 4.54 41.5
SO4> 44.0 101 4.17 153
Total 324 665 26.7 290

Abbreviations: not detected (N.D.), sodium ion (Na"), ammonium (NH4"), potassium ion
(K™, calcium ion (Ca**), magnesian ion (Mg?"), fluorinion (F"), chloridion (CI), nitrate ion
(NO3"), sulfate ion (SO4%).
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4 Conclusion

Kosa particles collected from the Gobi Desert, Taklimakan Desert, Horqin Sandy Land,
and Loess Plateau had different physical properties and chemical compositions. Compared
to the other three Kosa samples, the Kosa 4 sample from the Loess Plateau had the smallest
particle size and the highest specific surface area and total pore volume. The contents of the
metallic elements and water-soluble inorganic ions of the four Kosa particles were
comparable to the previously reported desert soils from the corresponding source areas,
showing large regional differences. The four Kosa samples were characterized by a high
content of crustal elements and a low level of transition metal elements, whereas the mass
fraction of each element varied largely. Besides, these four Kosa samples had different
compositions on water-soluble inorganic ions, but the main components all were
deliquescent salts. These differences in physical property and chemical composition may

affect the role of Kosa particles of different origins in the atmospheric process.
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Chapter 2. Adsorption of different Kosa particles to naphthalene

1 Introduction

During the displacement and transport, the Kosa particles collide with gas molecules in
the atmosphere, triggering physical and chemical adsorption on the particle surface (Fairlie
etal., 2018; Kim et al., 2012b). The current interest mainly lies in the heterogeneous uptake
of inorganic gas by minerals, which has an acid-base preference (Yang et al., 2018; Zhou et
al., 2015). Alkaline minerals, such as MgO and CaO, have higher adsorption efficiency for
acid gases, such as SO, and NO,, whereas the acid sites on the particle surface tend to
associate with the basic gas NH3 (Yang et al., 2018). These gas molecules adsorbed on the
particle surface are then converted through electron transfer into dissolved compounds, i.e.
SO4%, NOs", and NH4", which are the main components of secondary inorganic aerosols (He
etal., 2015).

The adsorption of gaseous organic molecules by mineral particles is in different patterns.
The mineral particles adsorb weakly ionized organic molecules (such as isopropanol)
through intermolecular interactions, i.e. physical adsorption (Romanias et al., 2016;
Zeineddine et al., 2018), while the interaction between gaseous organic acids and mineral
particles involves both physical and chemical adsorption. For example, formic and acetic
acids bind to the mineral particles via hydrogen bonding and then react with basic groups on
the surface, such as hydroxyl (OH) group and calcium carbonate (CaCO3) (Wang et al.,
2020). Different from alcohols and acids, PAHs are nonpolar organic molecules. Studies
have shown that sandy soil particles adsorb PAHs through physical adsorption (Ngueleu et
al., 2018), while chemical bonding is dominated in the adsorption between PAHs and clay

minerals containing exchangeable cations or metal-modified minerals (Meleshyn and
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Tunega, 2011; Saeedi et al., 2018). However, compared with the polar and hydrophilic
surface of mineral particles, PAH molecules tend to be associated with the nonpolar surface
or lipid components of other atmospheric particles (Cochran et al., 2016; Zhang et al., 2016).

Physical adsorption primarily depends on the specific surface area and total pore volume
of mineral particles, whereas chemical adsorption is related to the surface groups of particles
(Huang et al., 2017; Marqueés et al., 2017; Yakout et al., 2013). In addition, the water layer
on the particle surface can weaken the physical adsorption of organic molecules (Zeineddine
et al., 2018) and enhance the chemical adsorption of inorganic gases and ionizable organic
molecules (Wang et al., 2020). Due to the hydrophobicity of PAHs, the water layer formed
on the mineral particles could produce a negative influence on the physical and chemical
adsorption of PAHs (Haro et al., 2011; Li et al., 2018).

The four Kosa particles in this study have different physical properties and chemical
compositions, which may lead to different adsorption of PAHs. Therefore, batch adsorption
experiments were performed with Nap as the probe PAH to clarify the adsorption capacity

of different Kosa particles to PAHs.

2 Materials and methods

2.1 Chemicals
Nap (99%), hydrochloric acid (HCI), sulfuric acid (H2SO4), and HNO3 were provided by
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All chemicals used in this study were

of analytical reagent grade.
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2.2 Preparation

Because of the poor solubility of Nap, the aqueous solution of Nap at various
concentrations were prepared with methanol as a co-solvent. The volume fraction of
methanol in the aqueous solution was 5%. First, a certain amount of Nap was dissolved in
the methanol on a magnetic stirrer (Pasolina Mini Stirrer, CT-MINI, As One Co., Osaka,
Japan) at room temperature. Then it was diluted by slowly adding ultrapure water with the
stirring continues. After ultrasonic degassing, the Nap solution was stored in an amber bottle
at room temperature away from light.

Kosa particles were treated before the experiments. First, organic contaminants were
extracted from each Kosa sample by ultrasonic waves with methanol. Then, the extracts were
analyzed by high-performance liquid chromatography (HPLC) coupled with ultraviolet (UV)
detection (SPD-20A series, Shimadzu Inc., Kyoto, Japan). The background level of PAHs of
the four Kosa samples was negligible because it was below the detection limit of PAHs. After
air drying, the remaining methanol on the particles was evaporated by heating at 100°C for

2 h. Each Kosa sample was stored in a clean PTFE bottle after cooling to room temperature.

2.3 Batch adsorption experiments

The setup of the adsorption experiment is described in Fig. 2-1. In the experiment, a
certain amount of each Kosa sample was mixed with 40.0 mL of Nap solution in a 100 mL
conical flask closed with a glass stopper to avoid evaporation. Then, 1.0 mL of the solution
was taken out for HPLC analysis. The conical flasks were covered with aluminum foil to
protect from light and were placed in a thermostatic shaker water bath at 20°C for 24 h. The

blank control group (excluding Kosa particles) was carried out simultaneously.
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Suspension
P Sample Sample Sample Blank

Thermostatic shaker water bath

Fig. 2-1. Schematic diagram of the adsorption experiment. The suspension is the mixture of

Kosa particles and Nap solution. The blank sample contains no Kosa sample.
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After 24-h shaking, 1.0 mL of the solution was transferred to an amber vial for HPLC
analysis. Then, 35.0 mL of the solution was removed from the conical flask. The residual
solution (3.0 mL) and Kosa particles in the conical flask were extracted twice through
ultrasonication with 10.0 mL methanol. After that, the solution was centrifuged at 3500 rpm
for 15 min to precipitate Kosa particles, and 20 pL of the supernatant was injected into the
HPLC system for quantitative analysis. The quantity of Nap (m) associated with Kosa
particles was estimated by Eq. 2-1.

m=m, —3/39 xm, (Eq. 2-1)
where m is the quantity of Nap in the solution after shaking, mg; m> is the quantity of Nap
in the mixture of residual solution and Kosa particles, mg; 39 is the volume of the solution
for shaking, mL; 3 is the volume of the residual solution, mL.

The batch adsorption experiment under acid conditions was carried out following the
same protocol. During the transportation and deposition of Kosa, it would neutralize the
acidic substances in the air in downwind areas and change the acidity of the local
precipitation (Wang et al., 2002). The precipitation in Chinese, Korean and Japanese cities
showed an obvious trend from acidic (pH = 4.0-5.0) to slightly acidic (pH = 6.0-7.0) during
Kosa events (Liu et al., 2013; Wang et al., 2002; Yang et al., 2004). Therefore, the pH of the
aqueous solution was adjusted to 4.5 in the batch adsorption experiment under acid
conditions. Three common acids in the atmosphere, HCI, H>SO4, and HNO3, were separately
added to the aqueous solution of Nap to adjust the acidity to pH =4.5. The pH of the aqueous
solution was measured by a pH meter (F-70 series, Horiba Ltd., Kyoto, Japan).

The adsorption experiments employed the Kosa 1 to Kosa 3 samples were performed in
two mass groups (1.5 g and 3.0 g). The adsorption experiments employed the Kosa 4 sample
were performed in eleven mass groups (7.5 mg, 10 mg, 12.5 mg, 15 mg, 30 mg, 75 mg, 0.37

g, 0.75¢g,1.5¢g, 3.0g,and 4.5 g). Each Kosa group and blank group contained four parallel
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samples, with the relative standard deviation (RSD) of the Nap concentration less than 5%.
The concentration of Nap solutions was about 14.0 mg L', in the range from 13.07 mg L!
to 14.38 mg L!. The adsorption experiments of 10 mg KOSA 4 sample were performed in
Nap solution at different concentrations (3.1 mg L™, 7.13 mg L}, 8.55mg L™ and 13.8 mg
L) to determine the adsorption isotherm. Since the loss of Nap might be caused by
adsorption on the inner wall of conical flask, the adsorption data of each Kosa group were

shown as the average after deducting the blank.

2.4 Chemical analysis

An HPLC equipped with a reversed-phase column (Inertsil ODS-P, 4.6 i.d. x 250 mm,
GL Sciences Inc., Tokyo, Japan) and a UV detector (SPD-20A series, Shimadzu Inc., Kyoto,
Japan) was used in quantitative analysis of Nap and the extracts of Kosa samples. The mobile
phase was a mixture of acetonitrile/water (9:11, v/v) at a flow rate of 1 mL min™'. The
wavelength used in the UV detector was 254 nm. Prior to analysis, all the samples were
filtered through the HLC-DISK membrane (pore size 0.45 um, Kanto Chemical Co., Tokyo,
Japan). The recovery of Nap was 99%. The detection and quantification limits of Nap were

69.0ng L' and 230 ng L', respectively. The standard curve was linear, with the R? of 0.9999.

2.5 Adsorption isotherm model

The Langmuir adsorption isotherm model describes the physical adsorption of
monolayers and is widely used to estimate the adsorption performance of mineral materials
(Chang et al., 2004). In this work, the adsorption of Kosa particles for Nap was described
with the linear algorithm of the Langmuir adsorption isotherm model (Eq. 2-2). The
adsorption curve was then calculated by the Langmuir adsorption isothermal equation (Eq.

2-3).
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1/Q = 1/kqqQm - 1/C +1/Qm (Eq. 2-2)

kll mt%“e
Qe = Sadm’e (Eq. 2-3)

14+kgqCe

where Q is the amount of Nap adsorbed on the Kosa particles, mg g'!'; Om is the maximum
absorption capacity of Nap on the Kosa particles, mg g'; Q. is the equilibrium adsorption
capacity of Nap on the Kosa particles, mg g'; k4 is the adsorption rate constant, L mg’'; C
is the concentration of the aqueous solution of Nap, mg L™!; and C. is the concentration of

Nap solution at adsorption equilibrium, mg L.

3 Results

3.1 Adsorption of naphthalene by different Kosa particles

Fig. 2-2 presents the adsorption of Nap by different Kosa particles of 1.5 g and 3.0 g in
the aqueous solution. At the same Kosa mass, the amount of Nap adsorbed on the Kosa 4
particles was several times higher than that on the other three Kosa particles. Moreover, the
Nap adsorbed by the Kosa 4 particles increased with the Kosa mass. However, there were
no obvious dependence between the mass of Kosa 1 to 3 particles and the adsorption of Nap.

Due to the obvious adsorption on the Kosa 4 particles, the adsorption of Nap by the Kosa
4 particles with a mass of 7.5 mg to 3.0 g was observed under the same conditions, and the
results were showed in Fig. 2-3. The adsorption of Nap on the Kosa 4 particles displayed an
approximate logarithmic trend as the Kosa mass increased (R> = 0.785); additionally, the
adsorption amount of Nap on the Kosa 4 particles increased more rapidly from 7.5 mg to 30

mg.
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Fig. 2-2. The adsorption of Nap on different Kosa samples in the aqueous solution of Nap

(14 mg LY.

27



0.05 -

0.04 1 e e

003 -

0.02 1

0.01 -

Adsorbed Nap (mg)

0-00 ! 1 T T T T T T T 1
00 05 10 15 20 25 3.0 35 4.0 45
Kosa 4 sample mass (g)

Fig. 2-3. The adsorption of Nap on the Kosa 4 sample in the aqueous solution of Nap (14

mg/L). R? is the determination coefficient of the trend line.
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The adsorption amount of Nap on 10 mg of Kosa 4 particles in the acid solutions was

shown in Table 2-1. After a 24-h adsorption experiment, the loss of Nap in the acid solution

containing Kosa 4 particles was comparable to that containing no Kosa, which was

independent of the acid type. However, under acid-free conditions, the loss of Nap in the

sample containing Kosa 4 particles was significantly higher than that in the blank sample (z-

test; p <0.01, n =4). This difference indicates that the loss of Nap in the acidic solution was

related to the same process as in the blank, such as the adsorption of the inner wall of the

container, but not to the adsorption by the Kosa 4 particles.

Table 2-1. Reduction in Nap after 24-h adsorption experiment under acidic and acid-free

conditions.
Aicd HCl  H>SO4 HNOs3 Acid-free
Kosa 4 sample — "  (0.014+0.007) mg (0.032+0.004) mg (0.096 + 0.006) mg
Blank - (0.016 £0.006) mg  (0.032 £0.007) mg  (0.080 = 0.006) mg

4 No reduction.
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3.2 Simulation with adsorption model

The adsorption of Nap by the Kosa 4 particles was estimated by performing the batch
experiment in Nap solution at various concentrations. As shown in Fig. 2-4a, the
experimental data were well represented by the linear form of the Langmuir adsorption
isotherm model (R?>= 0.973). This result suggests that the adsorption of Nap by the Kosa 4
particles was a monolayer physical adsorption, which was driven by the molecular
interaction between the particle surface and Nap (Qian et al., 2011).

In Fig. 2-4b, the adsorption of Nap by the Kosa 4 particles was simulated by the
Langmuir adsorption isotherm model. The relevant parameters were given in Table 2-2.
With the increase in Nap concentration, the adsorption capacity of the Kosa 4 particles to
Nap increased rapidly at the beginning, then gradually stabilized and approached the
maximum adsorption capacity (2.87 mg g!). This was because the adsorption of Nap by the
Kosa 4 particles gradually saturated, as the adsorption sites on the surface were occupied
(Qian et al., 2011). However, due to the poor water-solubility of Nap, Kosa 4 particles could
not reach the maximum adsorption capacity for Nap. At room temperature, the concentration
of Nap in saturated aqueous solution is about 31 mg L. Under this condition, the adsorption
capacity of the Kosa 4 particles to Nap was 1.66 mg g’ (Fig. 2-4b), which was much lower
than that of the zeolites (a kind of microporous mineral) to Nap (31.23 mg g!; Chang et al.,

2004). This gap indicates the relatively weak adsorption of Nap by the Kosa 4 particles.

30



(a)

1.5 - ///O
210 4 - R2=0.973
95
9’/
0.5 A
0.0 , | | |
0.0 0.1 0.2 0.3 04
1/C
m(u((u((t(m(((((((((tll(-‘tlum)

25 50 75 100 125 150 175 200 225 250
C(mg L)
Fig. 2-4. The adsorption of Nap on 10 mg of the Kosa 4 sample fitted by (a) the linear form

of Langmuir adsorption isotherm, (b) the Langmuir adsorption isotherm. C is the

concentration of Nap aqueous solution, mg L!; O is the adsorption amount of Nap per unit

quality of the Kosa 4 sample, mg g
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Table 2-2. Adsorption data and the Langmuir isotherm parameters for Nap on the Kosa 4

sample.
C 0 1/C 1/Q kaa Om
3.11 0.631 0.322 1.58 0.0918 2.87
7.13 1.27 0.140 0.785
8.55 1.16 0.117 0.860
13.8 1.56 0.0725 0.640

C is the concentration of Nap aqueous solution, mg L!; O is the adsorption amount of Nap
per unit quality of the Kosa 4 sample, mg g''; ks is the adsorption equilibrium constant, L

mg!; Onm is the maximum adsorption, mg g''.
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4 Discussion

The adsorption properties of solid substrates are related to surface properties and porosity
(Huang et al., 2017; Yakout et al., 2013). Compared with the other three Kosa particles, the
Kosa 4 particles had the largest specific surface area, which suggests that the Kosa 4 particles
can provide more adsorption sites at the same mass. In addition, the pore types of the four
Kosa particles were consistent, thus the larger total pore volume of the Kosa 4 particles
indicates a higher adsorption capacity. However, the adsorption capacity of the Kosa 4
particles to Nap was much lower than that of the microporous zeolites (Chang et al., 2004),
indicating that microporous minerals could bind Nap more effectively than Kosa particles.

The composition of the solid substrate and the surface functional groups can influence
the adsorption selectivity (Smol and Wtodarczyk-Makuta, 2017). For example, activated
carbon is a nonpolar carbonaceous material, which is more effective in adsorbing nonpolar
organic molecules (Yakout et al., 2013); moreover, aliphatic groups have stronger adsorption
affinity for PAHs than aromatic groups (Zhang et al., 2016); whereas silica gel and zeolite
are composed of silica and aluminosilicates, respectively, and are more inclined to adsorb
polar molecules (Chang et al., 2004; Vidal et al., 2011). Similar to silica gel and zeolite, Kosa
particles are a mixture of various minerals and have polar surfaces. Therefore, Kosa particles
have stronger adsorption selectivity for polar molecules in the atmosphere such as inorganic
gases, than for nonpolar molecules such as Nap. Moreover, PAHs with higher molecular
weight are more hydrophobic that are more difficult to be adsorbed by Kosa particles than
Nap. In addition, based on the experimental results under acid conditions, the acidification
of the surface of Kosa particles that can be caused by the uptake of SO, and NO,, would

make the adsorption of PAHs more insignificant.
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In conclusion, among the four Kosa particles collected from typical deserts in East Asia,
the Kosa 4 particles showed weak physical adsorption to Nap that was well represented by
the Langmuir adsorption isothermal model. The Kosa particles collected from the Gobi
Desert, Taklimakan Desert, and Horqin Sandy Land had no obvious adsorption to Nap. This
might be because their specific surface area and total pore volume were much smaller than
the Kosa 4 particles. In addition, the adsorption capacity of the Kosa 4 particles to Nap was
much lower than that of zeolites under the same conditions. These results emphasize that
Kosa particles could not compete with microporous minerals and nonpolar surfaces on the
adsorption of PAHs, and the acidified Kosa particles were more disadvantaged. Therefore,

Kosa particles are not considered to be a good carrier for PAH molecules in the atmosphere.
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Chapter 3. Reaction of naphthalene in the saturated water layers of Kosa

particles

1 Introduction

The atmospheric chemical processes of PAHs include gas phase and heterogeneous
reactions involving OH and nitro (NO3) radicals, oxygen (O2), ozone (O3), and NO», and
photodegradation (Dang et al., 2014; Mmereki et al., 2004; Reyes et al., 2000; Ringuet et al.,
2012; Shiraiwa et al., 2009; Zhang et al., 2011; Zhou and Wenger, 2013). Based on the
reaction mechanisms calculated by the density functional theory and the rate constants
obtained by laboratory research, the gas phase reaction initiated by the addition of OH
radicals dominates the atmospheric reactions of PAHs (Dang et al., 2014; Gnanaprakasam et
al., 2017; Ma et al., 2010; Qu et al., 2006).

Fig. 3-1 shows the different reaction pathways of Nap proposed by previous studies
(Bunce and Zhu, 1995; Raja and Valsaraj, 2005; Sasaki et al., 1997; Vialaton et al., 1999).
The main reaction pathways of 3- and 4-ring PAHs are consistent with Nap (Mmereki et al.,
2004; Zhou and Wenger, 2013), while there are other alternative pathways for more complex
PAHs (Jariyasopit et al., 2014; Marques et al., 2017). Nevertheless, the mechanisms of these
reactions are similar. As expressed by reactions (1), (5), (6), and (8), PAH molecules are
excited by active oxidants or photons to produce PAH radicals (f) or the OH- or NOs-adduct
of PAHs (a or e). These intermediates then break down or undergo dehydrogenation or
addition with other molecules, causing the formation of different products. The main
products of Nap include oxygenated derivatives (such as o-naphthol (b) and 1, 4-
naphthoquinone (g)), nitrated derivatives (such as 2-nitronaphthalene (d)), and ring-opening

products (such as 2-formylcinnamaldehyde (c) and 1, 2-benzenedicarboxaldehyde (h)).
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Fig. 3-1. Previously proposed reaction pathways of Nap. Reactions (1) and (2) were
proposed by Bunce and Zhu (1995). Reactions (3) to (5) were proposed by Sasaki et al.
(1997). Reaction (6) was proposed by Vialaton et al. (1999). Reactions (7) to (10) were

proposed by Raja and Valsaraj (2005).



As regards other PAHs, quinones, hydroxylated and nitrated derivatives are the main
products (Marques et al., 2016, 2017). Most of these products have stronger polarity and
chemical activity than their parent PAHs and act as important intermediates of SOA in the
atmosphere (Ringuet et al., 2012; Zhang et al., 2011). More importantly, due to the direct-
acting mutagenicity and the promotion of ROS production, oxygenated and nitrated PAHs
can enhance the cytotoxicity and genotoxicity of atmospheric particles (Durant et al., 1996;
Jariyasopit et al., 2014). Therefore, atmospheric chemical processes of PAHs can change
atmospheric composition and influence its health effects.

Although the gas phase reaction is the main way to remove PAHs from the atmosphere,
the heterogeneous reactions of PAHs may generate different products (Raja and Valsaraj,
2005; Zhang et al., 2011). The nature of atmospheric particles plays an essential role in the
mechanism and rate of heterogeneous reactions of PAHs. For example, the reaction rate of
PAHs on the nonpolar surface was higher than that on the polar surface (Bedjanian et al.,
2010), and the nonpolar surface had a stronger affinity for Oz (Ma et al., 2010); the increase
of liquid water on the particle surface inhibited the formation of OH radicals (Luo et al.,
2019), while some metal oxides and phenols could act as catalysts and photosensitizers for
the reaction of PAHs, respectively (Wu et al., 2015; Zhu and Zhou, 2019). In addition, dark
particle surfaces would absorb light and slow down the photodegradation of PAHs (Behymer
and Hites, 1988).

On the surface of mineral particles, the conversion of PAHs could be promoted by active
radicals, electron transfer, or Fenton-like reactions (Han et al., 2016; Shi et al., 2011; Zhao
et al., 2019). However, many laboratory studies were limited to coating PAHs on the surface
of mineral particles (Kameda et al., 2016; Marques et al., 2016, 2017), ignoring the inherent
deficiency of natural Kosa on PAHs and the collision between particle surfaces and PAH

molecules. Moreover, a single mineral was mostly used as a surrogate to simulate the
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reaction with little regard for the hygroscopicity of Kosa (Ma et al., 2010; Reyes et al., 2000;
Zhao et al., 2019). These experiments underestimated the mineralogy of Kosa and the
importance of surface water and amplified the role of a specific mineral.

Based on the defective experimental design of previous studies, this study adopted
authentic Kosa particles and simulated the water layer on the particle surface to evaluate the

substantial effect of Kosa on the chemical evolution of PAHs.

2 Materials and methods

2.1 Chemicals
Nap (99%), 1, 4-naphthoquinone (1, 4-NQ; 97%), HCI, H2SO4, and HNO3 were provided
by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All chemicals used in this study

were of analytical reagent grade.

2.2 Batch reactivity experiments

The setup of the reactivity experiment is described in Fig. 3-2. Batch reactivity
experiments were performed under various conditions, which were summarized in Table 3-
1. A group of samples was performed in a batch experiment under the same conditions. In
the experiment, 1.5 g of Kosa particles was placed in a 100 mL quartz conical flask, and 300
pL of Nap solution (30 mg/L) was spiked to the conical flask to make the particle surface
wetted. The top of the conical flask was sealed with parafilm. A group of samples were then
placed in a reaction chamber under light or dark conditions at 20°C. It should be indicated
that there was a trace of solution in each sample to simulate the state of water-saturated

particles, but there was no excess liquid flowing between the wetted particles.
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Dark UV lamp

Wetted
Kosa
particles

Control Sample Sample Sample

A A A AN AR CR AW CRCRCR N

Fig. 3-2. Schematic diagram of the reactivity experiments. The control sample did not expose
to UV radiation. The UV lamp can be adjusted by the switch at shortwave (254 nm) and

longwave (365) UV radiations. The Kosa particles were wetted with the Nap solution.
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Table 3-1. Conditions for batch reactivity experiments.

Conditions Settings Equipment / Material

Light / 254 nm UV /365 nm UV / UV lamp (UVGL-58, 6 W, Funakoshi Co.,
Dark Dark Ltd., Tokyo, Japan)

Acid / pH=4.5/ With acid (H2SO4 / HNOs / HCI) /
Acid-free pH=7.5~8.8 Without acid

Particle surface

Reaction time

Water-saturated /

Water-free

0 ~ 6 h (interval: 0.5 h)

Ultrapure water and methanol
Trace amount of methanol to prevent

the volatilization of Nap

Take out at a predetermined time
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After a predetermined time, a sample was taken out for treatment and analysis. First, 3.0
mL of methanol was added to the sample, and the conical flask was placed on a mixer to
bring the methanol into full contact with Kosa particles. After standing for 5 min, the solution
was centrifuged at 3500 rpm for 15 min to precipitate Kosa particles, and 20 pL of the

supernatant was injected into the HPLC system for analysis.

2.3 Chemical analysis

The Nap and products were analyzed by the HPLC system following the methods
described in Chapter 2. The recovery of 1, 4-NQ was 91%. The detection and quantification
limits of 1, 4-NQ were 4.26 ng L' and 14.2 ng L!, respectively. The standard curve of 1, 4-

NQ was linear, and the R? was 0.9998.

2.4 Product identification

During the HPLC analysis, each product was separated from the sample and collected to
a volume of about 50 mL. The solution of the separated product was transferred to a
separatory funnel with 50 mL of dichloromethane. Then, the separatory funnel was shaken
up and down vigorously to make the solution fully contact. After standing for 10 min, the
lower dichloromethane extract flowed into a concentration tube and was concentrated to 1
mL by a pressure blowing concentrator (MG-3100, Tokyo Rikakikai CO., LTD., Tokyo,
Japan). The concentrate of each product was transferred to a vial for qualitative analysis.

The concentrate of each product was analyzed by gas chromatography-mass
spectrometry (GC-MS) (Agilent 6890-5793, Agilent Technologies Inc., U.S.) with a DB-
SMS capillary column (30 + 10 m x 0.25 i.d., 0.25 film thickness, Agilent Technologies Inc.,
U.S.). The injection was performed in splitless mode, helium was used as a carrier gas, and

the flow rate was 1 mL min’'. The temperature programs were set as follows: injector at
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300°C; ion source at 150°C; quadrupole at 200°C; the column was time-programmed at 70°C
for 1 min, then increased to 150°C at a rate of 10°C min’!, held for 1 min, increased to 200°C
at 20°C min™!, held for 5 min. The analysis of products was performed in a scan mode at the
mass-to-charge ratio (m/z) range of 50 to 200. The product was recognized firstly by
comparing the mass spectra with the reference spectra in the NIST library. After that, the
retention time of the product and the authentic compound in GC chromatograms were
compared. If both the chromatogram and mass spectra agree with the authentic compound,

the product can be determined.

2.5 Reaction kinetics

The kinetic profile, i.e. temporal variation, of Nap and the products was described
uniformly by the relative change of the peak area to the initial peak area of Nap (4/4o). The
peak area of each compound was obtained by integrating the corresponding peak analyzed
by the HPLC system.

The photodegradation of Nap under 254-nm UV radiation was estimated by the quasi-
first-order kinetic model. Since two main products have been detected, the photodegradation
of Nap was regarded as two parallel reactions, and its kinetics were estimated by Eq. 3-1
and Eq. 3-2. The kinetics for the first 0.5 h of photodegradation was estimated to minimize

the impact of the subsequent reactions of the products.

Cn = Cy, X e~ (athka)t (Eq. 3-1)
C, = k;:f]i\lzo X [1 — e—(k1+k2)t] (Eq. 3-2)

where Cn and (> are the molar concentration of Nap and product 2 (P 2) at 0.5 h, respectively,
M; Cno is the initial molar concentration of Nap, M; ki and k» are the rate constant of the

conversion of Nap to product 1 (P 1) and P 2, respectively, min™.
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3 Results

3.1 Reaction in the aqueous solution

Fig. 3-3 presents the HPLC chromatograms of the blank samples after 0.5 h of reaction
under different UV irradiation and dark conditions. Under dark conditions (black curve) and
365-nm UV irradiation (red curve), only the solvent and Nap peaks appeared in the
chromatograms. However, two small peaks other than the solvent and Nap peaks were
observed in the blank exposed to 254-nm UV radiation (green curve), which were considered
as the primary photodegraded products of Nap. The retention time of the products P 1 and P
2 was 6.97 min and 8.97 min, respectively. In addition, P 1 and P 2 were detected in the
methanol solution of Nap under 254-nm UV irradiation (yellow curve), and no other
products were observed. This finding indicates that Nap underwent a consistent degradation
in the aqueous and methanol solutions under 254-nm UV irradiation. Moreover, the signal
intensity of P 1 and P 2 detected in the methanol solution was lower than that in the aqueous
solution under the same experimental conditions. Therefore, a small amount of methanol in
the aqueous solution had negligible effect on the photodegradation of Nap.

Fig. 3-4 shows the temporal variation of Nap and the products in the blank under
different UV irradiation and dark conditions. As shown in Fig. 3-4a, the content of Nap in
the blank decreased with reaction time under both light and dark conditions. The downward
trend of Nap was consistent under dark conditions and 365-nm UV irradiation, and the A/A4o
of Nap after 6 h of reaction was 89.6% and 84.3%, respectively. The reduction in Nap was
driven by volatilization under dark conditions and 365-nm UV irradiation due to the absence
of products, while in the blank exposed to 254-nm UV radiation, it was attributed to
volatilization and photodegradation. In addition, the 4/A¢ of the products showed an upward

trend with reaction time (Fig. 3-4b), and the increase in P 1 was greater than P 2.
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Fig. 3-3. Chromatograms of the blank samples under different conditions at the first 0.5 h of

reaction. P1 is product 1. P 2 is product 2.
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Fig. 3-4. Temporal variation in (a) Nap under different UV irradiation and dark conditions,

(b) products formed under 254-nm UV irradiation in the blank samples. 4 is the

chromatogram peak area of Nap and the products. Ao is the initial chromatogram peak area

of Nap.
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3.2 Reaction in the saturated water layer of Kosa particles

Fig. 3-5 shows the HPLC chromatograms of samples containing Kosa 1 particles under
different conditions. The chromatographic peaks detected in the samples containing the other
three Kosa particles were consistent with those of Kosa 1. In the samples under dark
conditions (black curve) and 365-nm UV irradiation (red curve), only the solvent and Nap
peaks were detected. In the chromatogram of the sample exposed to 254-nm UV radiation
(green curve), the peaks of solvent, P 1, P 2, and Nap appeared, and there were no peaks of
other possible products. Moreover, the peaks of solvent, P 1, P 2, and Nap were detected in
the anhydrous sample exposed to 254-nm UV radiation (yellow curve). This was due to the
residual methanol on the anhydrous surface of Kosa 1 particles to prevent Nap from rapid
volatilization. These observations indicate that Kosa particles would not induce the
degradation of Nap on both the water-saturated and anhydrous surface. In addition, the
intensity of UV radiation and the presence of water could affect the photodegradation of Nap.

The chromatograms of the samples exposed to 254-nm UV radiation under acid
conditions are shown in Fig. 3-5. The consistent peaks appeared in the chromatograms of
samples under acidic and acid-free conditions, which indicates that the acidification of the
surface of Kosa particles would not change the photodegradation pathway of Nap.

Fig. 3-6 and Fig. 3-7 show the temporal variation of Nap in the saturated water layer of
the four Kosa particles under different conditions. Under dark conditions and 365-nm UV
irradiation (Fig. 3-6), the temporal variation of Nap in the saturated water layer was identical
with that in the aqueous solution (Fig. 3-4a), which was driven by the volatilization of Nap.
Under 254-nm UV irradiation, the Nap in the saturated water layer of Kosa particles showed
a consistent downward trend under acid and acid-free conditions (Fig. 3-7). In addition, the
decrease in Nap in the blank exposed to 254-nm UV radiation (Fig. 3-4a) was greater than

that in the saturated water layer of the four Kosa particles under the same conditions.
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Fig. 3-5. Chromatograms of the samples containing Kosa 1 particles under different

conditions.
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The temporal variation of P 1 and P 2 in the saturated water layer of the four Kosa
particles is presented in Fig. 3-8 and Fig. 3-9, respectively. By comparison with acid-free
conditions, acid conditions had little effect on the upward trend of P 1 and P 2. Moreover,
the production efficiency of P 1 and P 2 in the saturated water layer of the four Kosa particles
was lower than that in the blank (Fig. 3-4b) under the same conditions. These observations
indicate that Kosa particles did not accelerate the photodegradation of Nap but caused a
slower photodegradation process. This might be due to the scattering and absorption of UV
radiation by the Kosa particles slowed down the photodegradation of Nap (Jeong and
Nousiainen, 2014). Compared with the other three Kosa particles, the reduction in Nap and
the increases in P 1 and P 2 were moderated in the saturated water layer of the Kosa 4
particles. This might be because Kosa 4 particles were finer and had a higher number density
than the other three Kosa particles at the same mass, causing a more efficient extinction of
light.

In addition, under 254-nm UV irradiation, the photodegradation of Nap on the anhydrous
surface of Kosa particles was slower than in the saturated water layer (Fig. 3-7, Fig. 3-8, and
Fig. 3-9). This finding emphasizes the important role of surface water in the

photodegradation rate of Nap.

50



IS

5.0%
4.0%

_3.0%

A/A

2.0%
1.0%

0.0%

5.0%
4.0%

_3.0%

A/A

2.0%

1.0%

0.0%

T m H,0
Kosa 1 ¢ H,S0,
i ® HNO;
HCI
O Water-free
] n o o
o P m
] « ¢ s & : 8
mE A o m O ¢ a w
N 8 ® o m]

. T T T T T T T T T T T 1
0 051 15 2 25 3 35 4 45 5 55 6
Reaction time (h)

Kosa 3
[ | [ |
I~ ]
] . 9 o o ! . ﬁ . :
m ¢ [ ] n n
i o (m| (] (] O
a
¥ o .
. T T T T T T T T T T T 1
0 05115 2 25 3 35 4 45 5 55 6

Reaction time (h)

5.0%
4.0%

. 3.0%

A/A

2.0%
1.0%

0.0%

5.0%
4.0%

_3.0%

A/A

2.0%

1.0%

0.0%

Kosa 2

® o
h @ A ° B ¢« @

0 05 1 15 2 25 3 35 4

Reaction time (h)

D9 5 55 6

Kosa 4
| A o ' . " g B i
g2 8t
._I' E T D T D T D T D T D
0 05 1 15 2 25 3 35 4 45 5 55 6

Fig. 3-8. Temporal variation in P1 in different samples under 254-nm UV irradiation.

Reaction time (h)



[4S

2.0%

1.5%

(=]

< 1.0%

A

0.5%

0.0%

2.0%
1.5%

< 1.0%

A

0.5%

0.0%

2.0%

] m H,0
Kosa 1 ¢ H,S0,
® HNO;
. Hcl 1.5%
O Water-free
1 < 4 oo
. o N 1.0%
* [ ] ®
? o * ' * @ * *
. mm g & 2 m g 0.5%
8 m o ®
) a a a a (]
. T T T T T T T T T T T 1 0.0%
0 051 15 2 25 3 35 4 45 5 55 6
Reaction time (h)
- 2.0%
Kosa 3
. 1.5%
[ ]
[ ° <
. 1.0%
e * o n 8 .., ? . < "
' n ] ‘ [ ] * !
i ® | 0
; a a - n 0.5%
O
. T T T T T T T T T T T 1 00%
0 051 15 2 25 3 35 4 45 5 55 6

Reaction time (h)

Kosa 2
| *
. [
i ¢ N n L
g = o = =
a
. T g T T T T T T T T T 1
0 051 15 2 25 3 35 4 45 5 55 6

Reaction time (h)

Kosa 4
7 ® m 4
¢ g = ¢ = E LI

g =
. ! E 1 E 1 D T I__I_I 1 I__I_l T q
0 051 15 2 25 3 35 4 45 5 55 6

Reaction time (h)

Fig. 3-9. Temporal variation in P2 in different samples under 254-nm UV irradiation.



3.3 Product identification

Fig. 3-10 is the mass spectrum of P 1, showing obvious base peak (m/z 131) and three
fragment ion peaks (m/z 105, 77, and 51), and the molecular ion peak (m/z 160) that was
easily overlooked. These structural characteristics were consistent with the product
generated in the photodegradation of Nap in water and the gas phase reaction between Nap
and OH radicals (Sasaki et al., 1997; Vialaton et al., 1999), which was recognized as 2-
formylcinnamaldehyde (2-FCA) by nuclear magnetic resonance (NMR) (Sasaki et al., 1997).
Since the authentic compound of 2-FCA is unavailable at present, P 1 has not been further
qualitatively analyzed in this study. Nevertheless, based on the consistent results of this study
and previous studies, P 1 was considered to be 2-FCA.

Fig. 3-11 shows the GC chromatograms and mass spectrums of P 2 and 1, 4-NQ. Due to
the high consistency between P 2 and 1, 4-NQ in the retention time of the chromatographic
peak (10.9 min) and the structural characteristics (m/z 158, 130, 104, 102, 76, and 50)
detected by MS, P 2 was identified as 1, 4-NQ. The results of previous studies indicated that

1, 4-NQ was a major photodegraded product of Nap in water (Tuhkanen and Beltran, 1995).
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3.4 Photodegradation Kinetics

Fig. 3-12 presents the photodegradation kinetics of Nap in the aqueous and methanol
solutions exposed to 254-nm UV radiation, which were according with the linear form of
quasi first order equation (R*> = 0.784 and 0.992, respectively). The photodegradation rate
constants of Nap in the aqueous and methanol solutions were estimated as 8.55 x 10 min!
(ka) and 1.44 x 10 min™ (km), respectively. Under 254-nm UV irradiation, Nap in the
aqueous solution underwent photodegradation and volatilization simultaneously, whereas
Nap in the methanol solution was photodegraded more slowly and volatilized minimally.
Therefore, the net photodegradation rate constant of Nap in the aqueous solution was
between km and k.. Similarly, under 254-nm UV irradiation, the net formation rate constant
of 1, 4-NQ in the aqueous solution was between 4.85 x 10 min™! (in the methanol solution)
and 2.01 x 10 min! (in the aqueous solution). Moreover, the net formation rate constant of
2-FCA in the aqueous solution should be between 1.40 x 10 min™! (in the methanol solution)
and 8.35 x 10 min™! (in the aqueous solution) in the absence of other parallel reactions. In
the saturated water layer of Kosa particles, the rate constants of Nap photodegradation and

product formation under 254-nm UV irradiation were expected to be smaller than in the

aqueous solution.
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Fig. 3-12. Photodegradation kinetics of Nap in the aqueous and methanol solutions under

254-nm UV irradiation. C is the molar concentration of Nap, pM.
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4 Discussion

Fig. 3-13 is the scheme of the conversion of Nap to 2-FCA and 1, 4-NQ in the aqueous
phase under 254-nm UV irradiation. These mechanisms were proposed based on the
experimental results of this study and the conclusions of previous studies (Bunce and Zhu,
1995; Sasaki et al., 1997; Vialaton et al., 1999). Since there were no active radicals (such as
OH radicals) and relevant precursors (such as NO> and O3) provided in the present
experimental system (Shiraiwa et al., 2009), the aqueous photodegradation of Nap was
initiated by photoionization (Vialaton et al., 1999). After Nap donates electrons, the free
radical cations of Nap are produced and then converted to active intermediates (free radicals
R 1 and R 2) via deprotonation or the addition of H>O (Fig. 3-13). With the participation of
02, R 1 and R 2 undergo a series of reactions to produce 1, 4-NQ and 2-FCA. In addition,
previous studies have indicated that 3- and 4-ring PAHs can generate quinones by direct
photolysis as that of Nap (Jariyasopit et al., 2014).

2-FCA and 1, 4-NQ are cytotoxic and genotoxic, leading to higher health risks in humans
than Nap (Wilson et al., 1996); additionally, they can continue to degrade after being
generated in the atmosphere and are important contributors to SOA (Bunce and Zhu, 1995;
Vialaton et al., 1999). In this study, a slight secondary conversion of 2-FCA and 1, 4-NQ
were observed, which showed a milder upward trend of relative abundance in the later stage
of the reaction (Fig. 3-4, Fig. 3-7, and Fig. 3-8). However, the signal intensity of the

secondary products detected by HPLC was weak and difficult to be separated and identified.
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et al., 1999). R represents the radial immediate of Nap.
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Based on the results of previous research, under 375-nm UV irradiation, the oxidation
rate constant of Nap initiated by OH radicals in the gas phase was 0.035 min! (Bunce et al.,
1997), which was about two orders of magnitude higher than the photodegradation rate
constant of Nap in the aqueous phase under 254-nm UV irradiation (between 1.44 x 10
min! and 8.55 x 10" min™'). In addition, in the gas phase reaction between Nap and OH
radicals, the formation rate constant of 2-FCA was 2.28 x 107 s' (Nishino et al., 2009),
which was much higher than the results of this study (between 1.40 x 10 min™! and 8.35 x
10 min!). On the other hand, most UVA (wavelength ranges in 320-400 nm) and a small
amount of UVB (wavelength ranges in 280-320 nm) can penetrate the atmosphere to reach
the ground, while highly intensive UVC (wavelength ranges in 100-280 nm) is blocked by
the ozone layer (Marques et al., 2017). Therefore, from the perspective of reaction rates and
conditions, the aqueous photodegradation is unlikely to be a major reaction pathway of Nap
in the atmosphere. Moreover, the photodegradation of Nap in the water layer of Kosa
particles is more disadvantaged in the atmosphere.

In addition, the intensity of UV radiation is higher in countries or regions near the equator
and at high altitudes. Meanwhile, there are significant sources of PAHs and water vapor in
these areas (Williamson et al., 2019), such as Rwanda in Central Africa (Kalisa et al., 2018).
In the liquid water of aerosols or atmospheric particles, the aqueous photodegradation might
be an important reaction path of PAHs in these areas, which can change the local atmospheric

composition and the toxicity of atmospheric particles.

In conclusion, the photodegradation of Nap in the aqueous phase could be initiated by
photoionization in the absence of active oxidants, and the primary products were 2-FCA and
1, 4-NQ. Kosa particles did not induce or promote the photodegradation of Nap in the

aqueous and anhydrous conditions, whereas the presence of water and the intensity of UV
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radiation were important factors affecting the photodegradation process. Moreover, the
extinction of light by the Kosa particles could slow down the photodegradation of Nap and
the formation of products in the saturated water layer. In addition, the rate constants of Nap
photodegradation and product formation in the aqueous phase were far below those of the
gas phase reaction of Nap with OH radicals. Therefore, the aqueous photodegradation is not
a major pathway for the atmospheric conversion of Nap, and Kosa particles have no

substantial effect on this process.

61



Summary

In this study, Kosa samples were collected from typical deserts in East Asia, including
the Gobi Desert, Taklimakan Desert, Horqin Sandy Land, and Loess Plateau. The physical
properties and the composition of metallic elements and water-soluble inorganic ions of the
four Kosa samples were measured. Then, the adsorption capacity of different Kosa particles
to Nap was evaluated by conducting batch adsorption experiments. Based on the
hygroscopicity of the Kosa particles, the reaction of Nap in the aqueous solution and
saturated water layer of Kosa particles was investigated under various conditions to clarify
the effect of Kosa on the conversion of Nap. The main results are as follows.

(1) The size, specific surface area and total pore volume of the four types of Kosa
particles were measured, showing obvious regional differences. Compared with those from
the Gobi Desert, Taklimakan Desert, and Horqin Sandy Land, Kosa particles collected from
the Loess Plateau had the finest size, and the highest specific surface area and total pore
volume. The pore size of the four Kosa particles was comparable to the mesoporous
materials. In addition, the four Kosa particles were characterized by high-level crustal
elements and low-level transition metals, but the element contents differed greatly. The
composition of water-soluble inorganic ions of the four Kosa particles also varied with
geographical origin. Kosa particles originating in the Gobi Desert and Taklimakan Desert
were richer in Na" and CI', while those originating in the Horqin Sandy Land and Loess
Plateau were more abundant in Ca**, SO+, and NOs". Nevertheless, these ions can promote
the hygroscopic behavior of Kosa particles.

(2) Kosa particles collected from the Loess Plateau were found to have weak physical
adsorption of Nap, which was well represented by the Langmuir isotherm model. However,

Kosa particles from the other three deserts had no obvious adsorption of Nap, which was

62



attributed to their limited specific surface area and total pore volume. Compared with
microporous minerals and particles with the nonpolar surface, Kosa particles were
disadvantaged in the adsorption capacity and affinity of Nap and more hydrophobic PAHs.
In addition, the acidification of the surface of Kosa particles could inhibit the adsorption of
Nap. Therefore, Kosa particles are not regarded as a good carrier for PAHs in the atmosphere.

(3) Under dark conditions and 365-nm UV irradiation, no chemical reactions occurred
in the aqueous solution, and the reduction in Nap was driven by volatilization. When exposed
to 254-nm UV radiation, the Nap underwent degradation initiated by photoionization and
the primary products were 2-FCA and 1, 4-NQ. The photodegradation rate constant of Nap
in the aqueous phase was between 1.44 x 10 min™' and 8.55 x 10 min™!', which was far
below the rate constant of gas phase reaction between Nap and OH radicals. Unexpectedly,
Nap in the saturated water layer of Kosa particles experienced the same photodegradation as
in the aqueous solution. Moreover, Kosa particles did not induce or promote the conversion
of Nap but slowed down the photodegradation of Nap via the scattering and absorption of
UV radiation. In addition, the water content and UV intensity were important factors
affecting the aqueous photodegradation of Nap.

The above results indicate that there are substantially no physical and chemical
interactions between Kosa particles and PAHs. This finding suggests that Kosa from the
Asian continent are not effective carriers and catalysts for PAHs in the atmosphere, which is

contrary to the preconceptions.
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